), Vitaterna MH, Laposky AD, Shimomura K, Turek FW. Genetic analysis of daily physical activity using a mouse chromosome substitution strain.
BOTH HUMANS AND ANIMALS EXHIBIT substantial interindividual variation in daily physical activity levels (28, 34) , and evidence indicates that a significant part of the variation is due to genetic factors (19, 22, 33, 35) . For example, the concordance of activity habits in monozygotic twins was shown to be higher than in dizygotic twins or unrelated subjects (12) . A familial aggregation study revealed that the variation in physical activity between families was greater than within families (28) . In inbred strains of mice, a large proportion of the total variation of the daily wheel running activity was accounted for by differences between strains (22, 31) . Similarly, the home cage activities of inbred strains recorded by infrared beam breaks exhibited substantial interstrain variation (http://aretha.jax.org/ pub-cgi/phenome/mpdcgi?rtnϭdocs/home). In addition, selective breeding of mice for 30 generations successfully produced lines with significantly higher amounts of wheel running activity than the random-bred control lines (17, 26) . Despite such evidence for a genetic basis for physical activity, little is known about the nature or identity of the genetic regulation of the propensity to be active in mammals.
While a number of genetic studies have assessed motor activity levels on a treadmill (4, 24) or through the use of open-field paradigms (10, 15 ) that measure exercise endurance or novelty responsiveness, limited attempts have been made to identify genetic loci regulating long-term voluntary physical activity. In an early study, some suggestive, although not significant, quantitative trait loci (QTL) linked to the amount of spontaneous locomotor activity were identified on chromosomes 3, 8, 12, 13, 19 in recombinant inbred (RI) strains (32) . In addition, QTL associated with horizontal movements in a home cage were mapped to chromosome 1 (14) . In terms of voluntary wheel running activity, suggestive QTL on chromosome 1 and 17 were mapped in SMXA RI strains (31) . Recently, two QTL on chromosomes 9 and 13 linked with the duration, distance, or speed of long-term wheel running activity were identified in (C57BL/J ϫ C3H/HeJ) F 2 mice, although the QTL regions were relatively broad (24) .
The present study was focused on identifying genetic loci contributing to the strain differences in baseline voluntary physical activity in two inbred strains of mice showing profound differences in activity. We were particularly interested in QTL affecting daily wheel running activity distance because wheel running behavior in rodents, as a naturally rewarding behavior (6, 20) , is associated with the motivation for physical activity. We focused first on chromosome 13 rather than chromosome 9 because the former QTL was found to be more significant in daily running distance (24) . In addition, some other traits related to physical activity, including body weight (1), the amount of sleep (39) , and sleep homeostasis (8) , have been mapped to chromosome 13. To fully characterize the role of chromosome 13 in regulating physical activity, we investigated the sleep-wake structure, total cage activity daily, and wheel running activity under an LD cycle, circadian free running period, and activity distribution under constant darkness (DD) conditions, and body weight in a chromosome 13 substitution strain, C57BL/6J-Chr 13
A/J /NA/J (abbreviated as CSS-13). The CSS-13 strain has a single chromosome 13 from the A/J strain on an otherwise uniform B6 genetic background (30) . We made the discovery that both the level and pattern of daily physical activity, including total cage activity and wheel running activity, in CSS-13 mice were remarkably different from B6 control mice, indicating that genetic loci on chromosome 13 have a profound impact on daily physical activity. Interestingly, CSS-13 and B6 mice were not significantly different in the amounts of sleep, circadian period, body weight, or other aspects of activity that were different between A/J and B6 mice.
MATERIAL AND METHODS

Animals
Male CSS-13 (n ϭ 13), B6 (n ϭ 13), and A/J (n ϭ 8) mice were obtained at 4 wk of age from the Jackson Laboratory (Bar Harbor, ME). All animals were housed individually upon receipt and maintained under a 14:10-h light-dark cycle (LD 14:10) at a room temperature of 23 Ϯ 2°C. All mice were provided with water and standard chow (LabDiet, PMI Nutrition International; 18% protein, 6% fat, 55% carbohydrate, 5% fiber) available ad libitum throughout the studies. Protocols of all animal studies were reviewed and approved by the Animal Care and Use Committee at Northwestern University.
The B6 ϫ CSS-13 F 1 mice were generated from B6 females mated to CSS-13 males. These F1 mice were then intercrossed to generate 350 male F2 animals. The percentage of F2 mice animals carrying no recombinant on chromosome 13 was ϳ25%. Male F2 mice with at least one recombinant on chromosome 13 were selected for the behavioral test of voluntary daily activity. The mice were group housed (two to five animals per cage) at the time of weaning and maintained with ad libitum food and water on an LD 14:10 cycle.
Experimental Protocol
The B6, A/J and CSS-13 mice were surgically implanted with electrodes to record electroencephalogram (EEG) and electromyogram (EMG) activity at 10 wk of age, and 2 days of sleep were recorded 12 days later. At 4 mo of age, the three strains of mice were monitored for total cage activity measured by infrared beam breaks under an LD 14:10 cycle (0500 -1900) for 3 wk. One of the CSS-13 mice was excluded in the data analysis due to the malfunction of the infrared sensor on its cage. Immediately following the infrared activity recordings, the B6 (n ϭ 13), A/J (n ϭ 8), and CSS-13 (n ϭ 13) mice were placed into cages with free access to a running wheel, and their wheel running activity was continuously monitored for 3 wk. Following the wheel running recordings in LD, a randomly selected subset of the B6, AJ, and CSS-13 (n ϭ 7 in each group) mice were placed in DD, and wheel running was recorded for an additional 2 wk to examine the total amount of activity expressed in the absence of potential "masking" effects of the LD cycle. The body weights of the mice were checked at 10 wk, 5 mo, and 8 mo of age.
The F 2 mice were weaned and genotyped at 21 days. Male mice with at least one recombinant on chromosome 13 were selected for behavioral tests. The F 2 male mice were placed into running-wheel cages at 7 wk of age, and their daily wheel running activities under an LD 14:10 cycle were continuously monitored for 4 wk. The body weights of the mice were measured before and after the behavioral test.
Sleep-Wake Recording
Sleep recordings were analyzed in B6 (n ϭ 9), A/J (n ϭ 8), and CSS-13 (n ϭ 11) mice. The surgical procedures for implanting electrodes were done as previously described (18) . Briefly, mice were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (9 mg/kg). Two stainless steel screws (Small Parts, Miami Lakes, FL) were implanted bilaterally into predrilled holes in the skull to record EEG activity. To record EMG activity, the exposed Fig. 1 . Total cage activity measured by infrared beam breaks in B6 (n ϭ 13), CSS-13 (n ϭ 12), and A/J (n ϭ 8) mice over the 24-h light-dark (LD) period (A) and the 10-h dark phase (B). B6 mice exhibited a significantly higher level of activity compared with CSS-13 and A/J in both 24-h and dark period, whereas CSS-13 and A/J were similar (**P Ͻ 0.01, ***P Ͻ 0.001). Values are presented as minutes Ϯ SE. The amounts of wakefulness, nonrapid eye movement (NREM), and rapid eye movement (REM) sleep (minutes Ϯ SE) across the 14:10 light-dark (LD) cycle in B6 (n ϭ 9), CSS-13 (n ϭ 11), and A/J (n ϭ 8) mice. No significant differences between B6 and CSS-13 were detected in any comparison. Although the total amounts of sleep and wakefulness were the same in the three strains, A/J mice exhibited significantly higher amount of wake and lower amount of NREM and REM sleep than B6 or CSS-13 mice during the light phase (*P Ͻ 0.001).
ends of two stainless steel Teflon-coated wires (Medwire, Mt. Vernon, VA) were inserted bilaterally into muscles in the dorsal neck region. All electrodes were connected to a plastic 1 ϫ 4 pin grid array connector (Plastics One, Roanoke, VA) that was secured to the skull.
Following a 1-wk recovery period, mice were housed individually in cylindrical (diameter 25.4 cm) sleep recording cages and placed into light-, temperature-, and sound-controlled recording chambers with free access to food and water. After 5 days of acclimation to the recording environment, EEG/EMG waveforms were collected for 48 h starting at lights-on. EEG/EMG data were collected via a wire tether/commutator system (Plastics One), which allowed animals unrestricted movement around the cage. The data were stored on a personal computer for later analysis. With the use of SleepReport software (Actimetrics, Evanston, IL), EEG and EMG recordings were divided into 10-s epochs and scored via visual inspection as either wake, nonrapid eye movement sleep (NREM) or rapid eye movement sleep (REM), as detailed previously (18) .
Daily Home Cage Activity
To record total movement in a home cage, animals were placed into activity recording cages (33.0 cm long, 14.0 cm wide, and 12.7 cm high) containing three infrared beams sensor pairs across the width of the cage, 4.5 cm above the cage floor. A movement resulted in an interruption of a beam, which was recorded as an activity count. Data were collected for 3 wk using ClockLab software (Actimetrics) while the animals were maintained on a 14:10 LD cycle.
Daily Wheel Running Activity
To record daily running wheel behavior, animals were placed into individual cages (33.0 cm long, 14.0 cm wide, and 12.7 cm high) containing running wheels (diameter 11.4 cm). Wheel running activity was continuously monitored using the Chronobiology Kit (Stanford Software Systems, Stanford, CA). Each wheel revolution was recorded by a microswitch. The running wheels were checked on a daily basis to ensure that they turned freely.
Data Analysis of the B6, A/J, and CSS-13 Parental Strains
For both total cage activity and wheel running behavior under an LD cycle, data from 14 consecutive days of recording were analyzed, after 1 wk of acclimation to the novel cage environment. For each day of recording, activity counts were summed for consecutive 60 min bins, as well as for the 14-h light phase, 10-h dark phase, and overall 24-h period using the ClockLab software (Actimetrics). Activity counts in each of these intervals were averaged over the days of recording to obtain the mean patterns for individual animals. For wheel running behavior in DD, the free running period () in each animal was calculated by 2 peridogram analysis in the ClockLab. By convention, the amount of activity was divided into 24 circadian hours and averaged over the 14 days of recording.
To evaluate the timing or pattern of daily activity around the 24-h cycle in each animal, independent of the total amount of activity, activity levels for a particular time bin were expressed as a percentage of the 24-h amount of activity. The mean phase of activity was calculated for each animal based on circular distribution of activity events. A vector mean was calculated for each animal from these values. The angle of the mean vector for each animal defines the mean time of activity, while the length of the mean vector measures the degree to which activity is clustered at the same time. The angle and length of mean vectors were compared for the B6, A/J, and CSS-13 groups.
Results are reported as means Ϯ SE. The normality and equal variances of all groups of phenotypic distributions were checked using NCSS statistical software (Kaysville, UT). After we excluded the statistical outliers that were 3 SD from the mean (two mice in Rayleigh vector mean and one mouse in percentage of activity in the dark phase), all groups of phenotypic comparisons satisfied the assumptions of one-way analysis of variance (ANOVA). To determine pair-wise differences in each trait, subsequent Tukey-Kramer honestly significant difference post hoc testing was performed. A significance threshold of P Ͻ 0.05 was applied for all comparisons.
Intercross Analysis
Genomic DNA was isolated from the tail of each F 2 mouse. Genotyping was performed using seven simple sequence length polymorphisms (SSLP) markers that are spaced along the chromosome 13 [D13MIT17 (21. (9) , and the high-density genotype profiles of the two strains are available in Mouse Genome Informatics database at ftp://ftp.informatics.jax.org/pub/reports/index.html#marker. Marker names and genomic positions are from Ensembl v39 (www. ensembl.org), which is based on National Center for Biotechnology Information mouse assembly m36. Genotyping of SSLP markers were performed by standard polymerase chain reaction (PCR) techniques, with visualization of SYBR Green-stained PCR products on a 4% agarose gel. QTL analysis was performed using the R/qtl software package designed for mapping QTL in experimental crosses (3). Some F 2 animals showing inconsistent or incomplete activity records during the 3 wk of recording were excluded from the data analysis. Finally, a total of 189 F 2 animals were included in the QTL analysis. Body weight was used as a covariate. Results were expressed as logarithm of the odds (LOD) scores, and the thresholds for significant loci were estimated by 1,000-time permutation tests supplied by R/qtl package.
RESULTS
Sleep-Wake Recording
The amounts of wakefulness and sleep across the 14:10 LD cycle were compared between the B6, CSS-13, and A/J mice over a 48-h recording period. As shown in Table 1 , the amounts of wake, NREM, and REM sleep were indistinguishable between the B6 and CSS-13 strains during the 14-h light, 10-h dark, and total 24-h day. In A/J mice, the overall 24-h amounts of sleep and wake were similar to B6 and CSS-13 animals. However, A/J mice exhibited an attenuated diurnal rhythm with a higher proportion of wake time in the light phase and higher proportions of NREM and REM sleep in the dark phase (P Ͻ 0.001) compared with B6 and CSS-13 mice.
Total Cage Activity Measured by Infrared Beam Breaks
When averaged over the 24 h, there was a significant difference in total cage activity between the three strains of mice maintained under an LD 14:10 cycle (F (2,31) ϭ 13.7, P Ͻ 0.001, Fig. 1A) . B6 mice had a significantly higher amount of total cage activity compared with CSS-13 (P Ͻ 0.001) or A/J (P ϭ 0.004) mice, whereas CSS-13 and A/J mice were indistinguishable. This increased activity in B6 mice was mainly due to the increased amount of activity exhibited in the dark phase (F (2,31) ϭ 12.2, P ϭ 0.001, Fig. 1B) . No significant differences between strains in number of beam breaks were detected in the light phase (data not shown).
Activity Measured by Wheel Running
Activity levels. Wheel running behavior was analyzed in the B6, A/J, and CSS-13 mice kept in a LD 14:10 cycle followed by DD. Representative actograms of each strain are shown in Fig. 2 . During exposure to the LD cycle, there was a dramatic difference in activity level between the three strains (F (2,32) ϭ 26.1, P Ͻ 0.001, Fig. 3A) . The B6 mice exhibited a much higher level of daily activity than CSS-13 (P Ͻ 0.001) or A/J (P Ͻ 0.001) mice, whereas the CSS-13 and A/J mice had similar amounts of activity. Marked strain differences in activity occurred in the dark phase (F (2, 32) ϭ 44.8, P Ͻ 0.001), but not in the light phase. The number of wheel revolutions was significantly greater in the B6 than CSS-13 (P Ͻ 0.001) and A/J (P Ͻ 0.001) mice during the dark phase (Fig. 2B) , whereas the activity levels in the CSS-13 and A/J mice were not significantly different. The hourly distribution of activity in the three strains over the 24-h day is illustrated in Fig. 3C .
To rule out possible masking (i.e., inhibition of activity by light) effects of the LD cycle on activity level, wheel running activity was recorded in DD for 2 wk (Fig. 2) . The three strains exhibited significant differences in the free-running period of the circadian activity rhythm (B6: 23.68 Ϯ 0.03 h; CSS-13: 23.67 Ϯ 0.02 h; A/J: 23.46 Ϯ 0.10 h; F (2,19) ϭ 4.0, P ϭ 0.03). A/J mice had a shorter free-running period than B6 (P ϭ 0.05) and CSS-13 (P ϭ 0.06) mice, whereas the mean period for latter two groups was almost identical. Furthermore, there were clear strain differences in the average amount of wheel running activity (F (2,19) ϭ 8.5, P ϭ 0.002) per circadian cycle, as shown in Fig. 3D . Again, the B6 mice exhibited higher levels of activity than CSS-13 (P ϭ 0.05) and A/J (P Ͻ 0.001) mice, whereas the A/J and CSS-13 mice showed similar amounts of activity. When the circadian cycle was divided into the subjective night [half of the cycle beginning at activity onset, circadian time (CT) 12] and the subjective day (half of the cycle corresponding to CT 0 to 12), significant differences in activity levels between the three strains were found during the subjective night (F (2,19) ϭ 13.2, P Ͻ 0.001, Fig. 3E ), but not the subjective day. While there was no difference in the amount of activity between the A/J and CSS-13 mice during the subjective night, significant differences between B6 vs. CSS-13 (P ϭ 0.02) and A/J (P ϭ 0.005) mice were observed (Fig. 3E) . The hourly distribution of activity in the three groups during the 24-h circadian cycle is shown in Fig. 3F .
Activity pattern. To further characterize the wheel running activity patterns of the three strains, we determined the per- Fig. 3 . Wheel running activity levels in B6 (n ϭ 13), CSS-13 (n ϭ 13), and A/J (n ϭ 8) mice under a 14:10 LD cycle (A, B, C) and constant darkness (DD; D, E, F). Average number of wheel revolutions over the 24-h period (A), the 10-h dark phase (B), and 1-h intervals (C) in LD. Average number of wheel revolutions over the circadian day (D), the subjective night (E), and circadian hours (F) in DD. In LD conditions, the x-axis represents Zeitgeber time (ZT) with lights on (ZT0) and lights off (ZT14). In DD conditions, the x-axis represents Circadian time (CT) with activity onset represented as CT 12. Activity patterns in the strains shown by symbols: B6 ■, A/J F, and CSS-13 mice OE. Results are reported as means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
centages of the amount of activity in each group in the dark and light phases (Fig. 4, A and B, respectively) . The three groups exhibited differences in the proportion of activity that occurred during the dark or the light phase (F (2,31) ϭ 10.6, P Ͻ 0.001), with the A/J mice exhibiting the highest percentage of their activity during the light period and the B6 mice showing the greatest dark-light difference. Similar to A/J mice, CSS-13 also had a significantly higher proportion of activity in the light phase compared with B6 mice (P ϭ 0.01). When activity distribution under light-dark cycle was represented as a circular distribution, the length of the vector mean represents a measure of phase consolidation. ANOVA revealed a clear difference in vector mean between the three groups (F (2,30) ϭ 9.45, P ϭ 0.001). The B6 mice had consistently greater mean vector lengths (0.31 Ϯ 0.003) than CSS-13 (0.28 Ϯ 0.04; P ϭ 0.04) and A/J (0.27 Ϯ 0.03, P ϭ 0.001) mice, and the latter two strains were similar. When average hourly percentages in LD were compared, (Fig. 4C) , all three strains showed robust wheel running at lights-off and reached a peak percentage of activity around Zeitgeber time (ZT) 15. However, compared with B6 mice that maintained a high activity level for over 6 h, CSS-13 and A/J mice sharply decreased their activity after ZT 17. In addition, the CSS-13 and A/J mice exhibited variable bouts of activity preceding lights-off, resulting in higher average percentages between ZT 12 and 14. Linear regression through activity onsets, performed with the ClockLab software, revealed significant differences in errors of fitness between the three groups (B6: 0.14 Ϯ 0.02; A/J: 0.65 Ϯ 0.08; CSS-13: 0.46 Ϯ 0.09; F (2,32) ϭ 15.1, P Ͻ 0.001). B6 mice exhibited lower errors (i.e., less variable or more precise activity onset through the recording days) than CSS-13 (P ϭ 0.003) or A/J (P Ͻ 0.001), whereas CSS-13 and A/J mice are not significantly different.
In DD, the distributions of activity in the subjective night and subjective day in the three strains of mice were not significantly different (F (2, 19) ϭ 2.6, P ϭ 0.1). However, CSS-13 mice (0.75 Ϯ 0.16, F (2, 19) ϭ 5.28, P ϭ 0.015) had poorer precision of activity onset through each circadian day, calculated by the variance of a linear regression through activity onsets, compared with B6 (0.29 Ϯ 0.03, P ϭ 0.01), while A/J mice (0.48 Ϯ 0.08) were not significantly different from B6 or CSS-13 mice.
Body Weight
Although the CSS-13 mice exhibited much lower activity levels than B6 controls, the body weights of the two groups were indistinguishable. However, the body weights of A/J mice were significantly lower than B6 (P Ͻ 0.01) and CSS-13 (P Ͻ 0.01) mice. The B6, CSS-13, and A/J mice weighed 25.52 Ϯ 0.58, 25.32 Ϯ 0.61, and 21.4 Ϯ 1.21 g at the beginning of the experiment (10 wk old) and weighed 27.00 Ϯ 0.62, 26.80 Ϯ 0.44, and 21.9 Ϯ 1.17 g at the end of experiment (8 mo of age), respectively.
QTL Analysis
A total of 189 (B6 ϫ CSS-13) F 2 animals that were recombinant on chromosome 13 were used for linkage analysis. Traits of voluntary wheel running activity were examined through 3 wk of recording in the (B6 ϫ CSS-13) F 2 population, including 24-h wheel running activity, dark-phase activity, Fig. 4 . Wheel running activity patterns in the B6 (n ϭ 13), CSS-13 (n ϭ 13), and A/J (n ϭ 8) mice under a 14:10 LD cycle. Percentages of 24-h wheelrunning activity occurring during the 10-h dark phase (A), the 14-h light phase (B), and for each hour (C). The x-axis represents ZT with lights on (ZT0) and lights off (ZT14). Activity patterns in the strains shown by symbols: B6 ■, A/J F, and CSS-13 mice OE. Results are shown as means Ϯ SE. **P Ͻ 0.01, ***P Ͻ 0.001.
percentage of activity in the dark phase, and preciseness of activity onset (error of fitness). A significant QTL linked to 24-h wheel running activity was detected between 21 and 95 Mb with a peak LOD score of 7.3 at 76 Mb (D13Mit254, P ϭ 0.00004), as shown in Fig. 5A . QTL affecting dark phase activity were mapped to the same loci with a peak LOD score of 7.5, as the two traits were highly correlated (r ϭ 0.99). The (B6 ϫ CSS-13) F 1 male animals (n ϭ 53) had a mean 24-h activity (24,438 Ϯ 940 revolutions/day) and dark-phase activity (23,605 Ϯ 918 revolutions/day) that were intermediate compared with CSS-13 and B6 parental strains, suggesting that the phenotypic effects of the genes(s) within the QTL are semidominant. Descriptive analysis indicated that both 24-h activity and dark phase activity in the F 2 population were normally distributed with a mean wheel running activity counts of 26,045 Ϯ 373 (dark phase) and 27,058 Ϯ 368 (24 h). Animals with two B6 alleles at the peak loci of the QTL had a significantly higher wheel running activity (27,916 Ϯ 783 revolutions/day) than animals with two A/J alleles (24,163 Ϯ 933 revolutions/day, P ϭ 0.001), whereas animals with heterozygous alleles (26,979 Ϯ 481 revolutions/day) were intermediate. This QTL accounts for 10% of the total variance in the F 2 population. No significant QTL were detected for percentage of activity in the dark phase, and preciseness of activity onset.
DISCUSSION
In the present study, a comprehensive phenotypic analysis was performed on daily voluntary activity in the B6, CSS-13, and A/J strains of mice, followed by linkage analysis in a segregating intercross population. We identified a QTL region associated with the strain differences in the baseline physical activity of mice. Our results showed that CSS-13 and A/J mice exhibited significantly lower levels of physical activity compared with B6 mice under a 14:10-h light-dark cycle as well as in DD, indicating that chromosome 13 has a substantial impact on the amount of voluntary daily physical activity. Both total cage activity and wheel running activity were examined, as the two tests measured different aspects of physical activity. Access to a running wheel allows animals to achieve a higher level of physical activity than is possible in a standard cage, and wheel running is likely more pleasurable and therefore may tap into separate mechanisms. Interestingly, the reduced amount of activity in CSS-13 mice was not accompanied by increased sleep time, as the sleep amounts were indistinguishable between the B6 and CSS-13 groups. The data also suggest that the differences in distances run per day were not attributable to differences in the circadian rhythms of B6 and CSS-13 because they showed no significant differences in their freerunning periods. These results confirmed that decreased activity in CSS-13 mice was not simply a secondary effect of sleep-wake cycle or circadian period alteration. Body weights were similar between CSS-13 and B6 animals, excluding the possibility of differences in activity related to physical body mass. Therefore, our data indicate that genetic loci on chromosome 13 regulate daily voluntary activity level in mice. Furthermore, the chromosome substitution approach used in this study offers higher sensitivity in QTL detection than conventional F 2 intercross method because each chromosome is tested in a controlled background, free from the confounding effects of other randomly segregating loci affecting the same trait (25, 30) . In addition, the chromosome substitution approach allows rapid creation of congenic strains and greatly reduces the number of animals needed for fine mapping of discovered loci. The profound difference in activity levels between the CSS-13 mice and B6 controls and the strong QTL detected in the (B6 ϫ CSS-13) F 2 population in this study will greatly facilitate further fine mapping and cloning of the gene(s) regulating total amount of activity in mice.
In addition to examining total activity levels, we also investigated the effect of chromosome 13 substitution on the pattern of wheel running activity. Both A/J and CSS-13 mice exhibited higher day-to-day variability in the onset of the wheel running activity in LD and DD compared with B6 mice, which became active precisely at dark onset. Furthermore, CSS-13 mice displayed an attenuated rhythm of wheel running activity in the LD condition, with a higher percentage of daily activity in the light phase and a lower percentage in the dark phase compared with B6 mice. In combination, these results demonstrate that the precision of activity onset, as well as the diurnal distribution of daily activity, was affected by genetic factors on chromosome 13. However, the fact that some aspects of the activity pattern in the CSS-13 and A/J mice were not identical suggests that influences from other chromosomes may also contribute to the regulation of certain activity pattern traits.
We successfully identified a highly significant QTL on chromosome 13 affecting daily wheel running activity in mice by linkage analysis. Despite the difference in mice strains and experimental strategies used in the present CSS-13 study and a previous F 2 study (24) , both studies have identified the same chromosome affecting the level of daily wheel running. This implies that the genetic factors on chromosome 13 may play an important role in the regulation of activity in different mice strains. Additionally, QTL regions identified in the two studies partially overlap. However, the localization of QTLs to the same chromosome does not necessarily indicate that the sequence differences in a particular gene or sets of genes are causative for these QTLs. There is no significant QTL for the Fig. 5 . Quantitative trait locus (QTL) analysis of 24-h wheel running activity in (B6 ϫ CSS-13) F2 population. QTL analysis in 189 F2 animals using 7 simple sequence length polymorphism markers revealed a significant logarithm of the odds (LOD) score of 7.3 at 76 Mb (marker D13Mit254). The LOD score threshold for significance (P ϭ 0.05) was 3.27, which were calculated by 1,000-time permutation.
diurnal distribution of daily activity in the light-dark phase, or preciseness of activity onset in the F 2 population. One of the possible reasons is that the number of F 2 animals is not sufficient to map significant QTL of these traits.
While few studies have identified QTL directly linked to daily wheel running activity in the light-dark cycle, other studies have identified genetic loci associated with other aspects of physical activity. For example, a recently published study mapped the baseline motor activity levels in home cage to mouse chromosome 1 (14) . Another study investigating circadian phenotypes revealed a significant pair of loci on chromosomes 16 and X affecting daily activity level in DD in female mice (29) . Additionally, open-field activity levels were mapped to chromosomes 1 and 12 (15), 1, 3, 10, 19 (10) , and 1 (40). However, motor activity level in the open-field test is widely considered a measure of novelty responsiveness rather than baseline spontaneous physical activity level in mice. Furthermore, transgenic mice overexpressing the transcription factor peroxisome proliferator-activated receptor-delta (PPAR␦) or its coactivator PGC-a in skeletal muscle ran farther and longer than controls when placed on a continuously moving treadmill (4, 38) . However, no significant increase in daily spontaneous locomotor activity was observed in these transgenic mice (38) , suggesting that while the transgenic mice had a remarkable increase in endurance, voluntary activity was not affected, i.e., these are genetically separable traits. In addition, by studying the forced and voluntary exercise performance in seven inbred mouse strains, Lerman et al. (19) found no apparent correlation between treadmill performance and voluntary wheel performance. These data are consistent with the finding by Lightfoot and colleagues (23, 24) that QTL associated with maximal exercise endurance and QTL linked with voluntary wheel running activity were mapped to different chromosomes.
Behavioral studies suggest that wheel running in rodents is naturally rewarding and reinforcing (6, 21) . For example, rodents displayed an increased running activity rebound when wheel running activity resumed after withdrawal (7) . In addition, rodents are highly motivated to gain access to running wheels and display conditioned place preference to an environment associated with wheel running (20) . In the present study, all mice were running voluntarily, and their daily activity levels were not close to their maximum activity capacity based on previous studies (19) . Therefore, we hypothesize that CSS-13 mice are intrinsically inactive due to the lack of motivation for physical activity and exercise compared with B6 mice. The CSS-13 mice may be less sensitive to the rewarding effects of physical activity than B6 mice. The mesolimbic dopamine-opioid system is widely recognized to be involved in the rewarding aspects of wheel running behavior (5). For instance, it was reported that high voluntary running mice generated from selective breeding responded differently to dopamine drugs than control mice (26) . Interestingly, both the dopamine receptor 1 gene (Drd1a, 54 Mb on chromosome 13) and the dopamine transporter gene (Slc6a3, 73 Mb on chromosome 13) are located within our QTL region. Previous studies have shown that animals lacking the D1 receptor or dopamine transporter showed altered locomotion (11, 37) , and the D1 receptor was found to mediate the locomotor-stimulating effect of cocaine (13, 41) . In future studies, we will determine whether Drd1a and Slc6a3 candidate genes contribute to the CSS-13 and A/J mice running less in wheels than the B6 mice.
It has been demonstrated that physical activity and exercise are effective treatments for obesity, cardiovascular diseases, and clinical depression, health deficits that affect millions of individuals (2) . Exercise may also promote learning and memory through mechanisms related to neurogenesis in the dentate gyrus of the hippocampus (16, 36) . Identifying molecular genetic mechanisms underlying individual variation in the propensity for physical activity is an important step in developing new therapeutic approaches for the treatment of diseases associated with sedentary lifestyle.
In summary, this study demonstrates that genetic factors on chromosome 13 play an important role in regulating daily spontaneous wheel running activity and total cage activity and has identified a significant QTL associated with the amount of daily wheel running activity in mice. The use of a chromosome substitution line establishes an important genetic model that offers the opportunity to perform high-resolution genetic mapping to identify the loci of novel genes regulating physical activity level in mice; the finding of such genes could lead to novel approaches for increasing the motivation of sedentary individuals to become more physically active.
